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Abstract 


This  report  describes  research  performed  over  15  months  to  invest. 

with  the  design  and  characterization  of  composite  elements  with  embedded  shape  m  y 
II  /SMA'i  elements  The  ultimate  objective  was  to  design  structural  elemen  s 
alloy  (SMA)  ™  effort  addressed  the  choice  of  constituent  materials 

■  -  tramformation  tato  tarn 

cM*  fib„  rt  also  assessed  a  simple  approach  based  on  a  shear-lag  analysis  to  determine 
™LgLltpZr«er.  for  th'e  **.  of  unidlrortiord  SMA  fiW«^  mart*  aartve 

composites. 
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Description 

axial  position 

radial  position 

specimen  radius 

fiber  radius 

specimen  half-length 

matrix  axial  stress 

matrix  shear  stress 

interface  shear  stress 

fiber  axial  stress 

fiber  axial  displacement  field 

matrix  axial  displacement  field 

matrix  shear  strain 

fiber  axial  strain 

far  field  matrix  axial  strain 

fiber  pre-strain 

fiber  transformation  strain 

matrix  shear  modulus 

fiber  elastic  modulus 

austenite  elastic  modulus 

martensite  elastic  modulus 

detwinned  martensite  phase  fraction 


1  Introduction 

Shape  Memory  Alloys  (SMAs),  such  as  NiTi  (or  Nitinol),  exhibit  two  remarkable  properties, 
the  shape  memory  effect  and  pseudoelasticity  (see  Fig.  1).  The  shape  memory  effect  is 
the  material’s  ability  to  erase  large  mechanically-induced  strains  (up  to  8%)  by  moderate 
increases  in  temperature  (*10-20  °C).  Pseudoelasticity  refers  to  the  ability  of  the  material 
in  a  somewhat  higher  temperature  regime  to  accommodate  strains  of  this  magnitude  during 
loading  and  then  recover  upon  unloading  (via  a  hysteresis  loop).  The  underlying  mec  amsrn 
is  a  reversible  martensitic  transformation  between  solid-state  phases,  often  occurring  near 
room  temperature.  The  transformation  can  be  induced  by  changes  in  temperature  or  by 
changes  in  stress  due  to  the  strong  thermo-mechanical  coupling  in  the  material  behavior. 
The  material  also  has  very  nonlinear  mechanical  behavior,  high  internal  damping,  an  lg 
yield  stresses.  All  of  these  properties  make  NiTi  a  promising  candidate  for  novel  structural 
applications  (see  Perkins  (Ed.)  (1975),  Funakubo  (Ed.)  (1987),  Duerig  et  al.  (1990)  and 

Otsuka  and  Way  man  (Ed.)  (1998)).  , 

The  extreme  sensitivities  to  temperature  and  stress  of  NiTi-based  SMAs  can  be  ex¬ 
ploited  to  produce  large  mechanical  deformations  and/or  stresses.  Due  to  its  much  larger 
work  output  capability  and  control  authority  over  other  so-called  smart  materials,  NiTi  is 
advantageous  for  applications  that  require  only  moderate  response  times  (more  than  1  seej. 
When  embedded  in  a  conventional  material,  NiTi  can  be  used  in  a  passive  role  to  improve 
the  structural  integrity  (stiffness,  ductility,  damping,  energy  absorption,  etc.)  by  exploiting 
its  large  strain  recovery  mechanism,  high  yield  strength,  and  high  damping  capacity.  In 
an  active  role,  the  thermal  sensing  and  actuation  capability  of  NiTi  can  be  used.  Since 
the  transformation  temperatures  can  be  tailored  by  the  material  processing,  pre-tensione 
NiTi  fibers  could  be  used  in  principle  to  twist  and  bend  thin  beam  and  shell  composi  e 
structures.  Such  composites  would  have  potential  use  for  adaptive  airfoils  in  advanced  air 
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vehicles.  The  temperature  sensing  capability  could  be  used,  for  example,  to  cause  large 
deformations  suitable  for  deicing  along  the  leading  edge  of  an  aircraft  wing  or  helicopter 
rotor  blade.  Such  composites  could  also  act  as  active  frequency  tuning  elements,  leading 
to  improvements  in  vibration  and  flutter  control  of  airfoils.  These  would  avoid  the  use  of 
moving  parts  and  may  facilitate  more  compact,  lighter  weight  designs. 

NiTi’B  remarkable  behavior  arises  from  the  interplay  of  two  phases,  a  high  temperature 
phase  (austenite),  having  a  cubic  lattice  structure,  and  a  low  temperature  phase  (marten¬ 
site),  having  a  monoclinic  structure  ( Otsuka  et  al. ,  1971).  Due  to  its  low  degree  of  symmetry, 
the  martensite  phase  exists  either  as  a  randomly  twinned  structure  (low  temperature,  low 
stress  state)  or  a  stress-induced  detwinned  structure  that  can  accommodate  relatively  large, 
reversible  strains.  The  last  decade  has  seen  some  significant  experimental  findings  regard¬ 
ing  the  thermo-mechanical  behavior  of  SMAs  (see  Leo  et  al.  (1993),  Shaw  and  Kynakides 
(1995),  Sittner  et  al.  (1995),  and  Gall  et  al.  (1999)),  providing  new  impetus  for  design  and 
application.  In  particular,  few  of  the  SMA  constitutive  models  acknowledge  the  material 
instabilities  which  have  been  observed  in  pseudoelastic  NiTi  (Shaw  and  Kynakides ,  1997). 
For  notable  exceptions  see  James  (1983),  Abeyaratne  and  Knowles  (1993),  and  Knowles 

(1999),  and  Shaw  (2000).  ,  ,  .  , 

The  behavior  of  NiTi  is  quite  complex  and  limited  experimental  work  has  yet  been  done 
to  understand  the  behavior  of  NiTi  integrated  composites.  The  issues  are  formidable  - 
complex  manufacturing  process,  anisotropic  behavior,  strong  thermal-mechanical  coupling, 
matrix-fiber  compatibility,  complex  failure  mechanisms,  and  material  instabilities.  Initial 
attempts  by  Liang  et  al.  (1989)  to  embed  NiTi  wires  into  a  polymer  matrix  proved  somewhat 
unsuccessful  due  to  manufacturing  difficulties  and  poor  interfacial  bonding.  Baz  and  Ro 
(1992)  included  rubber  sleeves  between  the  SMA  wires  and  the  composite  laminate  to 
minimize  the  strain  mismatch.  Hebda  et  al.  (1995)  used  a  graphite/epoxy  composite  with 
embedded  two-way  shape  memory  NiTi  wires,  leading  to  a  simpler  fabrication  procedure. 
Johnalagadda  et  al.  (1997)  conducted  experiments  to  compare  the  interfacial  bond  strength 
between  the  epoxy  matrix  and  SMA  wires  processed  by  various  surface  treatment,  including 
acid  etched,  hand  sanded,  and  sandblasted,  de  Blonk  and  Lagoudus  (1998)  used  elastomeric 
rods  with  embedded  two-way  shape  memory  NiTi  wires. 


2  Critical  Issues 

The  problem  of  designing  an  active  SMA  composite  (compared  to  a  passive  SMA  composite) 
is  especially  difficult  and  is  the  focus  of  this  report.  It  will  be  assumed  here  that  the 
objective  is  to  design  an  active  SMA  composite  that  produces  a  predefined  shape  change, 
say  a  simple  bending  element  that  takes  different  curvature  values  for  some  hot  and  cold 
values  of  temperature.  One  is  faced  with  the  following  issues: 

.  Compatibility  between  matrix  and  SMA  material.  Several  attempts  have  been  made 
to  embed  prestretched  SMA  wires  in  an  epoxy/carbon-fiber  composite.  In  most  cases 
the  composite  actuates  upon  heating  but  then  does  not  return  during  the  cooling 
part  of  the  actuation  cycle.  This  is  likely  due  to  the  strain  mismatch  between  the 
matrix  material  and  the  5  to  8%  strain  recovery  in  the  SMA  wire.  The  matrix  either 
yields  plastically  or  else  debonds  along  the  interface.  This  makes  ceramics,  metals, 
and  most  polymers  (including  conventional  graphite  fiber/epoxy  matrix  composi  es) 
poor  choices  for  matrix  materials  of  such  active  composites. 

To  overcome  these  difficulties  we  chose  an  elastomer  material  (DOW  Silicone  RTV 
mbher  Silastic  T-2)  for  the  matrix.  The  material  vulcanizes  at  room  temperature 
and  is  opticallv  transparent  when  cured.  Adhesion  between  the  SMA  fiber  and  the 


2 


10/26/00  13:28 


©1  734  763  0378 


U  M  AERO  ENG 


® 006/022 


elastomer  may  still  be  an  issue,  but  the  matrix  can  clearly  withstand  the  changes  in 
fiber  strain  without  yielding. 

•  Topology  of  SMA  elements  within  the  matrix.  Many  different  topologies  can  be  envi¬ 
sioned.  Here,  SMA  wires  were  chosen  since  this  form  generally  produces  the  larges 
transformation  strains.  It  is  also  the  most  common  and  least  expensive  form,  tor 
simplicity  we  first  attempted  a  uni-directional  fiber  composite. 

•  SMA  transition  temperature  and  composite  manufacturing.  Commercial  grade  NiTiCu 
SMA  wire  (K-alloy  from  Memry  Corp.)  was  obtained  with  an  austenite  start  temper¬ 
ature  of  50  to  60  °C,  depending  on  heat  treatment  (see  Fig.  4).  This  ensured  that  the 
SMA  wires  remained  in  a  martensitic  state  during  the  room  temperature  composi  e 
cure  One  (or  more)  SMA  Wire  was  prestrained  at  room  temperature,  placed  into 
a  mold  (a  glass  tube  in  this  case),  and  then  the  elastomer  was  poured  and  cured 
After  mixing  the  curing  agent  with  the  rubber  base  the  mixture  tniaQr 

a  significant  quantity  of  bubbles  which  led  to  voids  after  curing.  The  bubbles  were 
removed  by  rotating  a  glass  tube  of  the  mixture  at  high  speed  (approx^  1000  W- 
This  created  a  void  along  the  rotation  axis.  Any  bubbles  present  were  forced  to  the 
axis  of  rotation  due  to  the  centrifugal  effects  and  then  percolated  out  of  the  material 
into  the  center  void  (see  Mg.  2).  Once  the  mixture  was  cured  (36  hours),  the  mold 
was  cut  away  leaving  a  silicone  rubber  rod  with  a  prestramed,  embedded  wire. 
(Another  method  that  could  improve  the  performance  of  the  composite  by  optimizing 
the  strain  change  during  heating  would  have  been  to  maintain  the  SMA  wire  under 
tension  during  curing,  but  this  was  not  done  for  ease  of  manufacture.) 

•  Biasing  of  SMA  elements  during  cooling.  The  shape  memory  effect  during  heating  will 
result  in  recovery  of  strain  only  if  a  prestrain  is  imposed  during  the  cooling  Portion  of 
a  temperature  cycle.  Therefore,  a  biasing  mechanism  was  needed  to  return  the  bMA 
to  its  high  strain  state  during  cooling.  In  devices  this  is  often  accomplished  wi 
mechanical  springs  of  an  intermediate  stiffness  between  that  of  the  martensite  and 
austenite.  Here,  we  used  the  stored  elastic  energy  in  the  matrix  material  (after  heating 
of  the  composite)  to  reset  the  SMA  wire  to  its  high  strain  state  upon  cooling.  Ihis 
required  a  careful  design  of  the  geometric  and  material  parameters  of  the  composite 
to  achieve  reliable  cyclic  operation. 

Another  approach  that  could  have  been  use  was  to  induce  a  two-way  shape  memory 
effect  in  the  SMA  wire,  whereby  the  wire  would  shorten  upon  heating  and  sponta¬ 
neously  elongate  during  cooling.  This  has  been  tried  by  a  few  investigators  (see,  for 
example,  de  Blank  and  Lagoudas  (1998)).  We  elected  not  to  use  this  approach,  since 
the  strain  changes  are  smaller  (only  0.5  to  1%)  than  for  the  one-way  shape  memory 
effect,  and  we  were  concerned  about  the  reduced  fatigue  performance  of  the  SMA  re¬ 
sulting  from  the  severe  thermo-mechanical  processing  needed  to  induce  the  two-way 

effect. 

As  described  above  a  0.42  in  diameter,  6.25"  long  RTV  silicon  rubber  rod  was  manufac¬ 
tured  with  a  0.022  in  NiTi  wire.  The  NiTi  wire  was  installed  with  a  stress-free  5%  prestraan 
(see  Fig.  5)  off-axis  by  approximately  0.07  in  (see  Fig.  6).  The  rod  was  then  iinmersed  in 
a  70  °C  bath  of  water.  The  rod  bent  as  expected  when  hot  (approx.  1  deflection),  but 
did  not  return  to  a  straight  configuration  upon  cooling  back  to  room  temperature  (approx. 
1/4”  deflection).  This  was  expected,  since  the  martensitic  state  is  quite  hysteretic.  How¬ 
ever,  after  a  single  thermal  cycle  little  curvature  change  was  observed  thereafter.  Because 
the  rubber  was  transparent,  it  was  noticed  that  the  wire  had  debonded  from  the  rubber 
matrix  near  the  ends.  To  improve  the  adhesion  between  the  SMA  wire  and  the  rubber 
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matrix  another  specimen  was  made  in  which  the  SMA  wire  was  first  coated  with  a  rubber 
adhesive  (DOW  RTV  sealant  832).  This  improved  the  adhesion,  and l  seemed 
repeatable  curvature  changes  from  the  hot  and  cold  configurations  (see  Fig.  7)  • 
it  was  not  clear  whether  the  geometry  of  our  prototype  was  optimal  and  analytical  design 

tools  were  needed  to  guide  our  further  prototype  development. 

Another  experiment  was  conducted  on  flat  dog-bone  specimens  wrth i  on-axis,  pm 
ctuta  w:res  fsee  pig  8).  These  were  manufactured  by  filling  a  mold  (see  rig.  ) 
3££T  ££*  cure,  placing  «hree  SMA  Wire*  atop  *•**£%£$ 
the  remainder  of  the  mold,  and  allowing  the  specimen  to  cure  completely,  fa  Figure  10 
the  tabs  were  out  of  a  specimen,  leaving  a  rectangular  plate,  and  meet 
cantilevered  sDecimen  as  it  cooled  down  from  over  70  C.  A  small  0.003  in  K  yp 
couple  was  incited  into  the  backside  of  the  beam  against  one  of  the  SMA  wires  to  morn  or 
the  temperature.  The  beam  was  loaded  only  by  it  own  weight,  and  it  sagged  noticeably  as 
the  SMA  wiie  transformed  from  austenite  to  martensite  during  cooling. 

3  Design  Approach 

Despite  the  fact  that  the  experiments  discussed  above  involved 

tions  we  chose  to  focus  on  the  simplified  problem  of  uniaxial  self-stressmg  during  therma 

cycling  We  hoped  this  would  shed  some  light  on  the  elastic  interactions  be  ween 

ES  Zdtte  surrounding  matrix  material.  For  an  active  compose 

So 

and  the  aspect  ratio  of  the  SMA  wire  (or  length  to  drsmeter  rate)  .  We art ^out  to . opMnze 
these  two  parameters  for  given  desired  fiber  stress  and  maximum  interfacial  shear  stress. 

3.1  Shear-lag  Analysis  Derivation 

The  simplest  amdyticM  app reach  that  could  £•«»»< ££ 

rconSnaulposifa  structures.  We  are  aware,  of  course,  of  the  Ixrmtatior^ M>f the 
shear-lag  approach;  notwithstanding  its  popularity,  it  is  clearly  an  approxirnate  me^od 
thlt  shonld  be  used  with  care.  Naim  (1997),  in  particular,  has  challenged  the  validity  of 
the  Cox  shear-lag  analysis  and  has  derived  a  similar  second  order  differential  equation 
the  fiber  axial  stress,  but  with  a  different  coefficient.  A  comparison  will  be  ma 

thTd— Tf  our  modified  shear-lag  analysis  is  given  here  for  clarity.  Unlto  con- 
+5  i  fiKsm  nni-udallv  loaded  SMA  wires  can  develop  transformation  fronts  wi  p 

Strain  CTCdients  of  phase  separating  uniform  phases.  Such  transformation  fronts 'h«*e  ™ 

ly  <n  and  KyrtaUdes 

rather  than  those  due  to  external  loading. 
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We  consider  a  model  problem  of  an  SMA  fiber  embedded  along  the  axis  of  a  ^ndrical 
linear  elastic  matrix  (see  Fig.  11).  Small  strain  kinematics  axe  assumed, 
expected  strains  of  a  few  percent.  We  treat  state  (a)  in  F.g.  11  as  the  config^atm 

of  the  SMA  wire,  since  stress-free  austenite  is  a  unique  state  and  it  simplifies  the  constituti  ^ 
description.  State  (d)  in  Fig.  11,  which  is  also  stress-free,  is  treated  as  the  reference 
configuration  for  the  matrix  material.  Consequently,  the  kinematic  condition  for  perfect 
bonding  between  the  pre-strained  fiber  and  matrix  is 

u  f{x)  =  um(x,  o)  +  eo®,  C1) 

where  uf  and  ^  are  the  displacement  fields  of  the  fiber  and  matrix,  respectively,  and  e0  is 
the  prestrain  i^the  fiber.  Equilibrium  of  the  matrix  annulus  of  Fig.  12  in  axial  direction 

neglecting  ^  is  0 

Tm{a:,r)  =  Ti{x)-.  \) 

The  matrix  shear  response  is  approximated  as 

rm  =  Gm^Gj^.  P) 

by  neglecting  the  part  of  the  shear  strain  Combining  equations  (2)  and  (3)  gives 

izsLt.  r)  =  into.  (4) 

dr  a  Gm 

Now,  integrating  eq.  (4)  in  the  radial  direction  gives 

«m(*,  r)  -  «»(*» «)  =  111  (o)  '  ^ 

Evaluating  the  far  field  displacement  um(x)  =  um(x,  R)  and  including  the  compatibility 
condition  (eq.  i)  at  the  interface  produces 

-  ,  s  ,_v  (6) 


um(x)  =  Uf(x)  -  eox  +  a^—  In  J  • 
Equilibrium  of  the  fiber  in  the  axial  direction  (see  Fig.  13)  is 


dvf  _  _2nM, 

dx  a 


Substituting  for  t i  gives 


daj  =  2Gm  [«m(g)  ~  «/(*)  +  fgf  j 


dx  a2  [  In.  {R{ n)  J 
The  idealized  SMA  fiber  uniaxial  constitutive  relation  (see  Fig.  14)  is 

er/ =  £/(*)  [*/-«].  (9) 

where  £  is  the  fraction  of  detwinned  martensite,  0  is  the  stress-free  transformation  strain, 
and  the  fiber  modulus  is  /1f,\ 

Ej(0)  =Ea+  £(Em  -  Ea) )■  l10) 

Differentiating  eq.  (8)  with  respect  to  x  and  substituting  eq.  (9)  gives 


tfl  _  tfof  =  -A 2Ef(4)  [em  -  0(f  ~  &)]  • 
dx* 
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where  ft  is  the  initial  martensite  fraction  caused  during  prestraining,  em  is  the  far  field 
matrix  axial  strain,  and  the  Cox  parameter  is  defined  as 

\2  =  1  2Gm  (12) 
a2  Ef  In  (R/ a)' 

Assuming  the  SMA  fiber  is  stress-free  at  its  ends  gives  the  boundary  conditions 

<rf(L)  =  <Tf(—L)  =  0,  (13) 


and  due  to  symmetry  at  the  midplane 

<fr/(°)  =  o  (14) 

dx 

In  general  £(*)  will  be  a  nonuniform  field  quantity.  During  the  heat  up  phase,  we  expect  that 
transformation  fronts  will  propagate  from  the  ends  towards  the  midplane  of  the  specimen. 
This  is  idealized  as  a  step  function  (for  the  symmetric  half  0  <  x  <  L)  as 


&)  = 


( 


ft 

0 


0  <  x  <  s 
s  <  x  <  L 


(15) 


where  s  is  the  position  of  a  transformation  front  separating  martensite  and  austenite  phases. 
During  the  transformation,  the  matching  conditions  at  x  =  s  axe 


IM*))]  =  0 

M  -  °  <16) 

where  [[.]]  refers  to  the  jump  in  the  quantity.  The  second  part,  of  eq.  16  is  a  consequence  of 

the  continuity  of  the  right  hand  side  of  eq.  8.  .  _ ,j 

It  will  be  convenient  to  introduce  non-dimensional  axial  positions,  W  =  x/L  and  s  =  a/b. 
Non-dimensional  fiber  and  interface  stresses  are  defined  as 

S  s  Cf/Ef 

TJ  =  Tl  jGm.  (I'H 

This  leave  three  relevant  parameters,  two  geometric  ratios  and  two  material  property  ratios. 


o  =  a/R 
I  =  L/R 
G  =  Gjn/ Ea 

'Em  =  Em/Ea  (18) 


Prom  these  a  non-dimensional  Cox  parameter  can  be  defined. 


A  = 


L  I  2G 
a  V  ln(l/o) 


Now  the  governing  second— order  differential  equation  becomes 


d?a 

dx2 


-A  V  = 


(19) 


(20) 
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with  boundary  conditions 


and  matching  conditions 


<fr(Q)  =  o 

dx 

o(l)  =  o 


[[am  =  ° 

rai  -  ° 


ftom  here  on  the  W  will  be  dropped  from  the  notation  and  all  quantities  will  be 
understood  to  be  non-dimensional. 


ilL-)?af  =  -A 2  [!« -/?«-&)]• 

dx 2 

<M°)  =  o 

dx 

0/(1)  =  0 
n»/wn  -  0 

M  - 0 

3.2  Analytical  Results 

Here  we  consider  the  rotation  to  the  shear  lag  problem  in  two  p^ta,  tot  the  comple 
transformation  then  the  evolution  of  partial  transformations. 

3.2.1  Complete  transformation 

When  the  composite  is  sufficiently  heated  past  Thefphase  fraction  of 

rtelt^^  *  ~  - - 

external  loading  (em  =  0,  zero  far-field  strain)  is 

/v  «  f i  cosh(Aag)!  (24) 

<7/(x)  =  fto  [1  -  cosh(A)  j  ’ 

and  the  non-dimensional  interfacial  shear  stress  is 

ysv  N  •  /  \  _\ 


Tl{x)  2 G  L  cosh(A) 

The  fiber  stress  has  a  maximum  at  the  midptoe  x-  0;  whemas,  the  megnitude  of  the 
Interfacial  shear  stress  is  maximum  at  the  edges  x  -  ±i. 

=  "  ^°[1_Mh(A)]  (26> 

r/™e  =  rr(l)  -  ^tanh(A).  <27) 

Typical  values  for  transformation  strain,  f  -  0  05, 

sTriSsfssM 

modulus  is  approximately  G  =  1/70, 000. 


/3£0A  a  sinh(Ag) 
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3  2  2  Partial  transformation 

As  the  material  transforms  from  martensite  to  — 

fronts  adli  lltely  be  jojae  stress  in  the  remaining  untransfonned 

“"ditior,  of  eq.  (23)  must  be  ineinded  and  the  She,  stress  » 
expressed  piecewise  as 


Of{x)  = 


/JsechA  (cosh  (A  —  As)  —  1]  cosh  Ax 
(sechA  +  tanh  A  sixth  As)  cosh  Ax  +  sinh  A  sinh  Ax] 


Likewise,  the  interfacia]  shear  stress  is  then 


Tj(x)  = 


^jSAsechA  [1  -  cosh(A  -  As)]  sinh  Ax 
^/3  A  [(sechA  +  tanh  A  sinh  As)  sinh  Ax  -  sinh  A  cosh  Ax] 


0  <  x  <  s, 
s  <  x  <  1 


0  <  x  <  a 
s  <  x  <  1 


The  evolution  of  “  ' “!££££ P— i 

fanl  Is”™  ^sl  in  C  16a  daring  tat  propagation,  the  metaurn  Sber  stress  is 
fronts  As  can  be  sem  m  g  ^  sheaJ  stres3  *  stiu  predicted  to  be  at  x  =  1 

not  at  x  =  0,  but  is  at  x  —  s.  xn  .  _  Note  also  that  unlike 

£Ss?s==wf5SSS 

modulus  (C)  is  nearly  five  orders  of  „  shl>w8  the  predicted  axial 

nredicted  to  be  quite  large,  probably  unrealistically  ■  g  . 

displacement  Said  in  the  matrix  after  complete  ^  »  Action  of 

Fi(r  18  shows  how  the  non-dimensional  midplane  stress  <r(0)  varies  as  a 

the  non^nel  Cox  parameter  A.  As  A  gets  J^ata 

the  assumption  of  a  zero  far  field  strain  is  no  rea  geometric  parameters  is 

The  dependence  of  the  mmdnrnm  interfacral  she. rr  c ^  ,  toc  w 

shown  in  Fig.  20.  Similar  trends  erdst,  l.e.,  larger  stress  for  long, 

"XL  given  materials  there  are  two 

design.  In  stress  of  0.0025  Ba  and  a  maximum 

stress.  Fig.  21  shows  tne  case  oi  a  •„«-»  —  n  1 10  and  L  =  10.5. 

shear  stress  of  2  Gm.  The  predicted  optimum  design  is  o  -  0.119  ai 

Discussion 

Sums  questions  remain  whether  the  C<*  aheaMag  appr,*h  is 

rials  considered  here.  Hie  „  b8  that  the  ratio  of  the  moduli 

approach,  in  particular,  raises  some  ‘  .  usually  found  in  conventional  com- 

is  quite  large,  severai  ordem  of  SSdSS.  «  the  validity  of  the 

posites.  In  addition,  the  work  of  Nairn  (1997)  rasesrarl  certain 

Oox  approach.  Naim  (1997)  derived  an  alternate  sliear-lag  parameter 


8 


10/26/00  13:31  ®1  734  763  0578  U  M  AERO  ENG 


@012/022 


assumptions  from  linear  elasticity  theory. 


AiVmm  “ 


.  2(a2  +  Em(l  —  ft2)]  _ _  (30) 

L _ - _ — - T7T5  3  lnoa,> 

-  * ' \  |(1  -  a2)^»(l  +  *w)  +  0-  +  *W<T  "5" 

strn 

shown  in  Pig.  23.  Interestingly,  except  for  w  Unn^es  ^^mt  ^  rf  ^ 

wire  diameter,  a  .mnd  which  is  opposite  to  ttox  c^Cox.  NoUceU  fc  showII  „ 

Fi7^N"r"e  .to  parameters  become  *-**  ^  -  «"  "* 

tude  and  distributions  are  qui  e  ,,,  *  +-ue  qx\q\  stress  at  the  mid-plane 

fact,  the  assumed  front  W.->  '^"^s^if  the  .**  i.  to  be 

XtL"faTbe  repeated' «.  "“ept»7^  the  «.  *> 

proadt^In  *^r  evmitthe  tiar-lag  jtFht  neglectsradiaJ1  tesstti^mey  be  tpw- 
approach  for  the  materials  considers  6r?_.”  .  ft  also  assumes  small  strain 

tant  for  the  debonding  problem  a.  die  wmM.  A  nonlinear 

kinematics,  which  is  likely  not  appropna  design  procedure  with  confidence, 

elasticity  analysis  is  probably  necessary  to  develop  a  design  proc 


Conclusions 

The  objective  in  the  proposed  work  was  ^oolg^^epoteiilial'tlne- 

that  have  adaptive  capabilities  and  to  eve  °P  ®  e  materials,  thereby  leading  to 

-  - — -tol 

ot  zir:r  -  devoiopwi  — ^:rsur: 

rubber  and  prestramed,  shape  m^or3f  Lacued  othef  previous  attempts.  Interesting 

It  "vt",Td"ti  ip— — l T  -  *•  —  *“»—• 

TOA^  mo.bodo.ogy  was  deeped  M 

alytical  results  were  less  satisfacto^  than  ^  ^  classical  shear  lag  parameter  by 

large  interfacial  shear  stresses.  In  addxti  ,  trends  leading  to  further  doubts 

d  and  m,  improved  one  by  Naim  contrmUc^t^ds,  by  the 

about  the  validity  of  the  shear- log  approac  .  uged  here.  xn  the  future,  we  rec- 

extremely  large  ratio  of  elastic  uio  i  or  material  system.  A  full  three- 

sss — — - 

this  direction  are  ongoing. 
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Figure  1:  Thermo-mechanical  response 
®;  pseudoelastic  response  ©  -»  ®* 


of  NiTi  wire  in  water:  shape  memory  effect  O 


Figure  2: 


Manufacturing  steps  of  an  active  SMA  composite. 


Si]artoRTVtiT.«.«KP*/MO) 


pigure  3:  (a)  Mold,  (b)  Stres^ttetch  response  of  silicone  robber. 
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Figure  4:  Differential  scanning  calorimetry  of  SMA  wire 


Figure  5:  Prestrain  cycle  of  SMA  wire. 


Figure  6:  Dimensions 


of  silicone  rod  with  off-axis  SMA  wire. 


Figure  7:  Elastomer  rod  with  off-axis  SMA  wire:  (a)  22  °C,  (b)  150  C. 


1016/022 
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i 


Figure  8:  Dimensions  (mm) 


of  flat  silicone  specimen  with  on-axis  SMA  wire. 


Figure  9:  (a)  Mold,  (b)  dogbone  specimen  with  on  axis  embedded  SMA  wires. 


61.3  OC 


5S.2  °C 


54.4®C 


49.5  0C 


44.6  OC 


pjgure  10:  Cantilever  beam  (cut  from  gage  length  of  dogbone  epecimen)  eelf-delleotion 
during  cooling. 
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(a) 


I  - - w  r* 

{b)  fT  I . .  'i  . . *  1,1  111  | 


Flgure  11:  States  in  the  of  a  ■— 

asssssr.-— 


Figure  12:  Free  body  diagram  of  matrix  annulus. 


Figure  13:  Free  body  diagram  of  SMA  fiber. 


.  •  a,  qma  wire  Bold  lines  show  the  idealized  elastic 

Figure  14:  Tensile  constitutive  response  of  SMA  wire,  a 

reSome  »f  M  -  austenite,  (b)  Cold  -  detwmned  martensite. 


15 


10/26/00  13:34 


©1  734  763  0378 


U  M  AERO  ENG 


®019/022 


I 


Figure  15:  Schematic  of  partially  transformed  wire. 


8-0 


sta“ stie,s' 


-  , j  /  y  r  nft.or  complete  transformation  to 

ry  a  17.  Matrix  axial  displacement  field  ux(x}r)/L  a  P 

Figure  17:  Matrix  axiai  u  y  G  ^  1/70,000) 

mistemte  (heating).  (a  —  0.118  ,  *  5 


CTf,max 


FieOTe  18,  Non-dimensional  a—  fiber  «.  «-  ^  *  =  °'05' 
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Figure  19: 


Depone  of  A  on  geometric  parameters  for  G  -  1/70,000- 


Figure  20:  Dependence  of  non-dimensional  maximum 
parameters  (G  =  1/70,000). 


interacial  shear  stress  with  geometric 


Figure  21: 


Design  curves  for  maximum  fiber  stress 


and  interfacial  stress  for  G  =  1/70, 000. 
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Figure  22:  Dependence  of  Cox  A  on  geometry 


and  material  ratios. 


Figure 


23:  Dependence  of  Naim  X  on  geometry  for  E„ 


=  3/70,000. 


(a) 


Figure  24:  Comparisons 


of  A  between  the  Cox  and  Nairn  approach. 


0021/022 
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Figure  25:  Stress  distributions  using  Nairn  X. 
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